ABSTRACT. The Cariri region is the largest sedimentary basin in the state of Ceara, Brazil. Located in the southern portion of the state, it comprises the Araripe Plateau and the Cariri Valley on its northern foot. The region's groundwaters are being heavily exploited. Using electric conductivity (EC) and 180, 14C and 3H data, we differentiate groundwaters from various origins. We identified three horizons of springs on the slope of the Plateau through their geologic environment and the EC of their waters. Groundwaters from wells in the Cariri Valley are classified according to the aquifers exploited as indicated by the drilling profiles. However, strong tectonic features and intense fracturing in the Valley produce a great many horizontal discontinuities, which result in a mixing of groundwaters from different aquifers. Mixing systems are described in terms of 5180-14C and EC-'4C linear trends.
INTRODUCTION
The Cariri region is located in the southern portion of the state of Ceara in the semiarid northeast of Brazil. The area is a green "oasis" embedded in a barren landscape of mostly crystalline bedrock outcroppings. The region consists of a sedimentary plateau (the Araripe Plateau) with a mean elevation of 750 m and an area of ca. 7500 km2, and a sedimentary basin (the Cariri Valley), measuring ca. 3500 km2, on its northern foot.
Rich groundwater resources are the driving agents for the region's important economy, which is second only to that of the capital of the state. The resources provide an exclusive water source for cattle raising and domestic, industrial and agricultural water supplies and are being intensively exploited mainly for large-scale irrigation of sugar cane. However, the origin of the groundwater and its recharge areas are still largely unknown.
Our research in the Cariri was initiated because of popular complaints denouncing the environmental damage caused by deforestation at the top of the Araripe Plateau, as well as overexploitation of the Cariri Valley aquifers. The discharge from one of the major springs emerging from the cliffs of the Plateau has dropped during the period from 1920 to 1993 from ca. 1300 m3 h-1 to 380 m3 h (Kemper et al. 1995) . In years with poor rainfall the water table in the Valley lowered dramatically. A great number of private wells (with depths <20 m) fell dry and natural lakes disappeared without returning to their normal extension in the following years. Based on environmental isotope data (14C,180, 3H) and EC measurements, we have characterized the waters from the different aquifers to evaluate regional groundwater dynamics.
Structurally, the Cariri region is characterized by pronounced tectonic features. Mont'Alverne et al. (1995) describe successive grabens and horsts along sections AB and CD in Figure 1A . Chignone et al. (1986) individualized seven structural blocks in the Cariri Basin, the most important of which are: 1) the block of Crato/Corredores, with arched grabens and horsts; 2) the graben of the Serra das Cacimbas; and in between these, 3) the regional, central horst of Mauriti. A drilling (P1 in Fig. 1B) Due to sandy soils on top of the Plateau and, possibly, open fractures in the Exu Formation, infiltration occurs very quickly there. A surface drainage system is only faintly developed. Even several hours after heavy rainfall, no accumulation of surface water is found. There are no producing deep wells on the Plateau, with the exception of one in the Fazenda Janaguba, near the edge of the Plateau, that taps the saturated layer (possibly 60 m thick) at the contact of the formations Exu and Arajara. However, there are some localized perched aquifers, such as in a settlement called "Cacimbas". (The name refers to a type of shallow, dug well found in the area.)
The Exu/Arajara and Arajara/Santana contacts constitute discontinuities (from high to low) of hydraulic conductivity and define the horizons of some hundreds of springs that emerge at roughly half of the height of the Plateau above the Basin. They appear mainly in gorges and other locations affected by erosion where resistance to water flow is reduced. Their total discharge is roughly 50 m3 min-1 (Gaspary 1967) . The allocation and use of the waters from some of these springs have been legally established for over a century.
The exploitation of aquifers in the Cariri Basin is intense. The depths of wells studied range from 32 to 240 m, with pumping rates reaching 300 m3 h'1; their water generally derives from contributions from various aquifers. Wells are often arranged in batteries, specially along the alluvial zones of the rivers Rio da Batateira (in Crato), Riacho dos Macacos (in Juazeiro do Norte), Rio Salamanca (in Barbalha) and Riacho dos Porcos (in Milagres). Due to excessive pumping of wells, in some of these rivers during the dry season, the natural runoff has not been replaced by returning waste water from households and factories. (Santiago et a1.1994) . Tritium was measured in our laboratory with a Packard Tri-Carb® 2000 CALL liquid scintillation spectrometer after electrolytic enrichment by a factor of 40, starting with a sample volume of 500 ml, and using Insta-Gel® as scintillator. The detection limit was 0.3 TO.
RESULTS
In Table 1 ,19 springs are listed together with their locations (township, coordinates), EC, 5180 (%o, SMOW) and the approximate discharge (Q). The last column indicates the environment (formation or interface of formations) as assigned by us using a spring's elevation together with the stratigraphic column. Three groups can be distinguished.
1. The first set comprises the first 12 springs (from Batateira through Santa Rita), listed in Table   1 in order of decreasing discharge. They originate from the Exu/Araj ara contact. Their waters are very weakly mineralized, with EC s 30µS cm-1.
2. The second set is made up of three minor springs from the Araj ara Formation (Angelica, Olho d'agua and Recanto). Their discharge is much smaller and diffuse and has therefore not been measured. Mineralization is significantly higher (EC from ca. 80µS cm-1 to 130µ5 cm-1) than in the first group.
3. The third set comprises the springs Solzinho and Macauba, which we attribute to the contact of the formations Arajara and Santana. Their EC is 234 µS cm-1 and 266 µS cm, which is two to three times that of the second set.
We added two springs to The Rio da Batateira/Missao Velha wells produce waters with EC between 200µS cm-1 and 300 µS cm-1 (excluding P6 and P10, see comments below) ( Table 3) ; The Missao Velha wells have from 300µS cm-1 to 580µS cm-1 (Table 4) ; The Mauriti wells have from 600µS cm-1 to 980duS cm-1 (Table 5) . tAfter Mont'Alverne et al. (1995) 
DISCUSSION
Based on the values given in Tables 1-5 and previous isotope measurements from springs ) and rain ) we designed the following conceptual model for groundwaters on the Araripe Plateau and in the Cariri Valley.
Infiltrated rainwater from the top of the Araripe Plateau percolates the Exu sandstone and feeds a group of ca. 300 springs. As shown in Table 1 , and in a previous publication (Santiago et al. 1988 ), the springs with the highest discharge are situated at an elevation of ca. 700 m and have EC <30,uS cm'1. According to its drilling profile, a well in Fazenda Janaguba (elevation 730 m, depth 50 m) produces water from the contact of the formations Exu and Arajara. Its water has an EC of 32 uS cm'1 and a tritium concentration of 1.3 TU, which is comparable to values for the first group of springs, which lie between 0.3 TU and 1.3 TU ). Thus, these values verify that springs with EC <30,US cmdischarge from the Exu/Arajara contact.
5180 for one of these springs (Batateira in Crato) was monitored for 10 months and was found to follow seasonal rainfall variations of 180 with a lag of ca. 5 months ). The discharge from two springs in Barbalha was monitored for >2 yr. In this case, we at these conductivities are considerably higher than those of the springs far below is still another indication of a vertical flow in fractures in the Exu Aquifer.
Tectonic fracturing is very intense in the Cariri Valley. This causes a varying sequence in the sedimentary basin 1C and of formations (Fig. ) produces local mixtures of waters that are difficult to interpret. In our discussion, we adopt the new stratigraphic column proposed by DNP M (Mont'Alverne et al. 1995) in our assignments of isotopic characteristics to hydrogeologic structures. This column distinguishes, in the area of interest of the Cariri Valley, the formations, from top to bottom, Rio da Batateira (aquifer), Abaiara (aqua'tard), Missao Velha (aquifer), Brejo Santo (aquitard) and Mauriti (aquifer).
Rio da Batateira Formation (Table 2) are weakly mineralized (EC <200 uS Phreatic waters from the cm-1). Figures 2A and 3A show PMC between 67 and 125 and 8180 from -2.8%o to -3.5%o, with a mean of -3.1%0, which corresponds roughly to the mean value for rainfall in the area. The scattering of 8180 around the mean reflects seasonal and annual fluctuation in rainfall (amount effect). It is noteworthy that wells in zones of fluvial deposits exhibit special features: EC increases with pMC in avery good correlation (EC = 22.7 pMC -2295) with a correlation coefficient of R = 0.94, of different from the "traditional" decrease of EC with increasing pMC as shown by the other groups wells. This behavior can be explained as a mixing line of very young, yet highly mineralized water from the fluvial deposits with young recharge from the unconfined Rio da Batateira aquifer.
Waters from wells that simultaneously exploit the aquifers Rio Batateira and Missao Velha (Table 3 8180%0=0.008pMC-3.96(R=0.81).
( 2) tions describe mixtures of young and weakly mineralized waters from the Rio da These correla older and more mineralized water from the Missao Velha Formation. Wells P6 and Batateira with a P 10 occupy an extreme position in this group. Even though their drilling profiles integrate them into the Rio da Batateira/Missao Velha wells, their 8180 and pMC values are the lowest of the group; their conductivities are the highest. As a result, these two wells seem to be "strangers" in an otherwise rather homogeneous group. In fact, mathematical simulation using MODFLOW of the dynamic levels for the battery of wells they are part of, and also the evaluation of pumping tests (MendonCa 1995) , confirm that at least P6 is situated exactly upon a leak that, bridging the Abaiara aquitard, directly connects the aquifers Rio da Batateira and Missao Velha. Thus, for wells P6 and P10, pMC of 35.4 and 30.3 (with uncorrected ages of 7840 and 9600 yr, respectively) and 8180 levels of -3.9%o and -3.6%o may be taken as characteristic for this old component of the Missao Velha aquifer.
Wells that produce water from the Missao Velha aquifer (Table 4) (4) we understand them as mixing of a young component, originating from recharge by rainfall, Again, and an ascending paleo-component. nent. It is noteworthy that P31, P37, P48 and P59 were flowing wells I at the time of drilling; now levels are some meters below surface.
The measurement -5.1%o for 8180 of P50 is the lowest value for all the wells. It clearly indicates a strong contribution of paleo-waters dating back to a colder and more humid climate than at present in the northeast of Brazil. In previous research (Frichkorn et a1.1984; Frischkorn and Santiago 1992;  State et a1.1995) on the deep aquifers in Piaui State we could prove that, at ca. 10,000 BP, temperature rose by roughly 5°C in the region, causing 8180 to rise from ca. -6%o to present day -3%o. Thus, the same Paleoclimatic effect should be found in the Cariri. The fact that no values <-5.1%o have been found is an indication of mixing with components younger than ca. 10,000 yr (unfortunately, we do not have 14C for P50 as it is installed with an air-lift pump). Waters from the Mauriti Formation (Table 5) exhibit EC rates from 600 to 980µS cm'1, pMC from 99.1 to 3.6 (corresponding to uncorrected ages from modern to 26,800 yr) and 8180 from -2.8%o to -3.8%c with mixing lines: Summing up our results, we conclude that the predominant presence of young waters in all aquifers of the Cariri Valley makes them suitable for sustainable exploitation. However, at the same time, our findings reflect a high vulnerability to contamination of these aquifers due to easy infiltration in the sedimentary basin. This is of special importance because of the intense large-scale agricultural activity, mostly from sugar cane plantations, in the basin.
On the other hand, the Cariri Basin constitutes a sedimentary lens engraved in the crystalline basement, with aquifers outcropping on its border and submerging, in the area of this study from north to south, confined by aquitards. Accordingly, one expects the existence of a regional flow pattern for deep groundwaters leading from the margin to the center of the basin. 
